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1.1  Importance of soil moisture 
 
Soil exists at the boundary between the atmosphere and the Earth’s 
subsurface. Soil moisture is the amount of water held within the soil matrix. 
Volumetric soil moisture is usually expressed as a fraction with respect to the 
weight and density of the soil. When the soil is said to be fully saturated, the 
soil moisture content is around 0.41 (or 41%). This, however, depends on the 
type of soil and its organic composition.    
 
The fractional water content in the upper 10 cm of soil is often referred to 
as surface layer soil moisture. The top 1 or 2 metres of soil, which contains 
water available to plants, is known as the root zone. Surface layer and root 
zone soil moisture are generally called near-surface soil moisture. Many 
environmental applications benefit from frequent observations of near-surface 
soil moisture.  
 
 









Near-surface soil moisture is a highly variable parameter due to 
precipitation, constant evaporation, and the heterogeneity of the land surface 
(e.g. [2], [3]). Monitoring the spatial distribution and temporal variation of soil 
moisture has the following benefits: 
 
 Improved drought prediction and monitoring. Soil moisture is an 
important parameter in drought forecasting models. Regional droughts 
could be better predicted and characterised using wide-area soil 
moisture data measured over a long period of time. (e.g. [4], [5], [6])  
 
 Improved hydrological models for weather prediction. (e.g. [7], [8], [9])  
 
 Improved agricultural management to increase crop yield. (e.g. [10], 
[11])  
 
 Better understanding of global climate change. The need to understand 
the environment and climate change led to increases in the number of 
weather station networks. The continuous monitoring of soil moisture is 
an essential part of these networks. (e.g. [7]) 
 
 Better understanding of evapotranspiration. (e.g. [12, [13]) 
 
 Improved flood forecasting. (e.g. [14]) 
 
 Water conservation through better irrigation scheduling. Irrigation in 
agriculture represents over 90% of the world’s water usage. Monitoring 
root zone soil moisture can save water as well as increasing the 
profitability of farmers. (e.g. [15]) 
 





1.2  Scope of the thesis 
 
The importance of near-surface soil moisture, and its role in hydrological 
processes, is well known. It is widely recognised as one of the fundamental 
parameters in hydrology and meteorology. The appreciation is reflected by the 
numerous scientific instruments, remote sensing platforms, and mathematical 
models that are developed partly or solely for the purpose of estimating soil 
moisture. Figure 1.2 illustrates the common sources of soil moisture data. 
 
Soil moisture can be directly retrieved from point measurements and 
remote sensing. The various methods are described in more details in chapter 2. 
Point measurements are capable of producing accurate results, but the data 
appears of little use in representing the spatial distribution of soil moisture. 
Remote sensing yields data on a much more adequate scale of at least tens of 
kilometres. However, the continuity of measurements is restricted by the revisit 
period of the satellites, which is typically a few days. The observation depth is 
only a few centimetres because the measurements are usually made at 
microwave frequencies.  
 
In addition to direct measurements, soil moisture can be estimated using 
hydrological models. Model data are often available in a wide range of spatial 
and temporal resolution. On the other hand, these models require a significant 












Figure 1.2 – Soil moisture measurement techniques (Adapted from [17]) 
 
To improve temporal sampling, a novel remote sensing method is proposed, 
with the hope of mitigating the drawbacks of microwave remote sensing and 
hydrological models. This method is expected to produce continuous estimates 
of wide-area soil moisture with greater observation depth than microwave 
remote sensing. It is going to be a qualitative validation of the method 
described in [18], which explored the use of lightning generated radio signals 


















1.3  Thesis outline 
 
The thesis is divided into six chapters. This chapter briefly describes the 
purpose of measuring soil moisture and the limitations of current approaches. 
Chapter 2 takes a closer look at the various methods used for the in situ 
measurement and remote sensing of soil moisture. Chapter 3 provides a 
comprehensive overview of the Loran-C navigation system, with particular 
emphasis on the signal propagation characteristics.  
 
Chapter 4 carries out a preliminary study on what influences the time delay 
of Loran-C signals. Chapter 5 begins by describing how the delay is related to 
ground conductivity and soil moisture. The relationships between them are 
presented through graphs, tables and equations.  
 
In Chapter 5, the theories on Loran-C time delay are implemented into an 
algorithm, which is used in a validation study to estimate wide-area soil 
moisture for an inhomogeneous propagation path. A second study then follows, 
which investigates how sea surface salinity across an all-seawater path can be 
estimated using a variation of the previous approach. Finally, chapter 6 
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2.1 In situ measurement of soil moisture 
 
In situ methods have been widely used for measuring near-surface soil 
moisture. Accurate results could be obtained because the instruments are 
usually in direct contact with the soil. However, this means only small-scale 
point measurements are possible. This section briefly describes five of the most 
typical in situ methods, namely the gravimetric method, the neutron method, 
the gamma ray method, the electrical conductivity method, and Time Domain 
Reflectometry.   
 
2.1.1 Gravimetric method 
 
The gravimetric method is the standard method of measuring the moisture 
content of soil samples taken from the field
 [19]
. The idea is oven drying a moist 
soil sample at 105 
o
C and comparing the weight of the water obtained from the 
moist soil with the weight of the remaining dry soil. The soil sample is usually 
heated in the oven for 24 hours. The volumetric soil moisture θ is calculated 








      (2.1) 
 
where 𝑊𝑤𝑎𝑡𝑒𝑟 is the weight of water obtained by oven drying, 𝑊𝑑𝑟𝑦 is the 
weight of the remaining dry soil, 𝜌𝑏𝑢𝑙𝑘 is the bulk density of soil, and 𝜌𝑤𝑎𝑡𝑒𝑟 










The gravimetric method is straightforward and inexpensive. However, it is 
a destructive and potentially time consuming method. For organic soils, oven 
drying can lead to additional loss due to decomposition and oxidation, making 
it difficult to determine the actual soil moisture profile. This method may also 
be unsuitable for soils with large amount of clays or rocks. 
 
 
2.1.2 Neutron method 
 
The neutron method is more widely referred to as the neutron probe 
method. This indirect method of measuring soil moisture makes use of high 
energy neutrons, which are emitted into the soil by a radioactive source. 
Neutrons loss energy and are therefore slowed down as a result of elastic 
collisions with the nuclei of hydrogen atoms present in water molecules
 [20]
. 
Hydrogen atoms can effectively slow down fast moving neutrons because of 
their low atomic weight. The number of slow neutrons counted by the detector 
per unit time is related to soil moisture. 
 
Compared to the standard method of oven drying and weighing, the 
neutron method is non-destructive and can determine soil moisture with depth
 
[19]
. On the other hand, the equipment used is very expensive and requires 
extensive calibrations. This can be difficult during a field study. In addition, the 













Figure 2.1 – Simplified schematic of a neutron probe (Image from [21]) 
 
 
2.1.3 Gamma ray method 
 
The gamma ray method is another radioactive method for measuring soil 
moisture, in which the absorption and scattering of gamma rays are related to 
the density of soil in their path
 [22]
. This method is typically used to produce 
soil moisture estimates for the 1-2 cm layer. 
 
As with the neutron method, the gamma rays are emitted by a radioactive 
source. This is potentially harmful to the operator and the surrounding 
environment. Therefore experiments need to be performed by qualified 
personnel. Also, due to the cumbersome nature of the equipment, this method 










2.1.4 Electrical conductivity method 
 
The electrical conductivity of soil is directly related to its moisture content 
and the conductivity of the soil water mixture. The most direct way of 
measuring soil conductivity is to use conductivity probes, which are 
inexpensive and easy to install and operate. Four-electrode probes are generally 
preferred to two-electrode probes as they can eliminate the problem of contact 
resistance. 
 
In some methods, the electrodes are embedded in porous materials such as 
gypsum blocks. These are called resistance blocks. The blocks absorb moisture 
from the surrounding soil, and the electrical conductivity measured by the 
electrodes increases with increasing moisture in the blocks
 [23]
. The soil water 
potential in a resistance block needs to be in equilibrium with that in the soil. 
Resistance blocks can overestimate soil moisture and often need to be 






Figure 2.2 – Measuring soil moisture using soil conductivity probe (Image 
from [25]) 







Figure 2.3 – Picture of a gypsum block and simplified schematic showing 
the placement of the embedded electrodes (Image from [26]) 
 
 
2.1.5 Time Domain Reflectometry 
 
The dielectric constant of a material indicates how polarisable it is in 
response to an electric field. More often, the relative dielectric constant is 
mentioned as it is a measure of the material’s dielectric property relative to that 
of free space.  
 
In Time Domain Reflectometry, or TDR, the two-way travel time of an 
electromagnetic wave propagating along a wave guide is measured. The wave 
guide is embedded in soil. The velocity of the electromagnetic wave, which is 
correlated to soil moisture, is determined by the dielectric constant of the soil 












Figure 2.4 – TDR soil moisture meter (Image from [27]) 
 
TDR is a non-destructive method and requires no soil specific calibrations
 
[28]
. The measurements are relatively insensitive to soil temperature and salinity
 
[29]
. TDR probes are available in different types. The common insertion probes 
can be inserted horizontally or vertically into the soil, giving measurements of 
average soil moisture at the plane or over the depth of insertion. In addition, 

















2.2 Microwave remote sensing of soil moisture 
 
The in situ methods discussed earlier are only capable of producing point 
measurements of soil moisture. According to [30], soil moisture is very 
variable in time and space. It is complicated to measure over large areas and 
long time-spans with appropriate spatial and temporal resolution. Microwave 
remote sensing of soil moisture is a promising technique for that purpose as it 
can provide soil moisture information on large scales in a timely fashion. 
 
 In microwave remote sensing, electromagnetic radiation in the microwave 
region of the radio spectrum is measured by an active or passive sensor. Active 
microwave remote sensing requires an active illumination system, otherwise 
known as radar, which transmits electromagnetic radiation towards the target 




 Passive microwave remote sensing uses a radiometer to measure 
electromagnetic radiation that is naturally emitted from the earth’s surface. The 
radiometer acts as a receiver because the transmission comes from the target 
itself. Passive microwave sensors generally have low spatial resolution because 
the fields of view need to be kept large in order to record a signal. A 












Characteristic Active microwave  
 
Passive microwave  
Spatial resolution High Low 
Revisit time Poor – Moderate Good 
Swath width Narrow – Moderate Wide 
Data rate Very high Low 
Signal to Noise Fair – Good Good – Very good 
Roughness effect Serious Slight 
Vegetation effect Moderate Moderate – Serious 
Topographic effect Serious Slight 
 
Table 2.1 – Comparison of active and passive microwave remote sensing 
(Adapted from [7]) 
 





Ka 40-26.5 0.75-1.1 
K 26.5-18 1.1-1.67 
Ku 18-12.5 1.67-2.4 
X 12.5-8 2.4-3.75 
C 8-4 3.75-7.5 
S 4-2 7.5-15 
L 2-1 15-30 
P 1-0.3 30-100 
 
Table 2.2 – Microwave band designations (Adapted from [32])  
 






Figure 2.4 – Active microwave remote sensing using synthetic aperture 





Figure 2.5 – A microwave radiometer viewing a heterogeneous earth 
surface (Image from [34]) 





The spatial resolution of passive microwave remote sensing makes it an 
ideal validation source for the studies presented in this thesis. The following 
takes a brief look at two typical satellite-based passive microwave systems 
used for deriving wide-area soil moisture. 
  
The Soil Moisture and Ocean Salinity satellite (SMOS) was developed by 
the European Space Agency (ESA) as part of its Living Planet Program. It was 
launched on 2 November 2009 and then entered routine operations in May 










 at a spatial resolution of 35-50 km and a temporal sampling of 
1-3 days. 
 
2. To provide global ocean salinity estimates with an accuracy of 0.1 practical 
salinity scale units for a 10–30 day average for an open ocean area of 
200 × 200 km2. 
 
The payload of SMOS consists of a passive microwave radiometer 
operating at 1.413 GHz within the protected L- band
 [35]
. As described in [36], 
the payload is equipped with 69 individual L-band antennas regularly spaced 
along Y-shaped arms. This new concept allows the observation of all pixels in 












Estimating soil moisture using L-band passive microwave measurements 




1. The sensitivity to soil moisture in approximately the 0–5 cm surface layer 
(approximately 0–1 cm surface layer for C-band).  
 
2. The lower sensitivity to surface roughness than at higher frequencies. 
 
3. The lower influence of vegetation (with biomass up to 5 kg/m2) and the 
atmosphere than at higher frequencies. 
 
Since the commissioning of SMOS, scientists have put great efforts into 
the validation of its system performance. As mentioned in [38], several studies 
have shown that point measurements of soil moisture can be representative of 
larger areas. However, systematic differences between remote-sensing-derived 
and in situ observations are usually detected even though the temporal 
dynamics are very similar. 
 
Validation results from [39] indicated that the SMOS soil moisture 
estimates are approaching the level of performance anticipated. However, it 
was discovered by [40] and [41] that SMOS observations tend to reveal a dry 
bias. 
 
Being placed in a sun-synchronous orbit, SMOS passes over a location on 
earth at 6 A.M. and 6 P.M. local solar time (LST). It was found that there is a 
significant difference between evening and morning soil moisture. Although 
















The uncertainties associated with SMOS soil moisture are summarized in 
[42]. It was concluded that a lot still has to be learnt about soil moisture 
retrieval from brightness temperatures measured at L-band at such a large scale. 
Possible error sources in the retrieval mechanism include model parameters 
(such as roughness), static input (such as soil texture and land cover), and 
time-variant input (such as surface temperature fields).’ 
 
On board NASA’s Aqua satellite is another passive microwave radiometer 
called Advanced Microwave Scanning Radiometer – Earth Observing System 
(AMSR-E). Unlike its European counterpart, AMSR-E measures brightness 
temperature at six different frequencies – 6.9, 10.6, 18.7, 23.8, 36.5 and 89.0 
GHz
 [43]
. The crossing times of AMSR-E are 1:30 A.M. and 1:30 P.M. LST. Its 




In [40], the C-band channel of AMSR-E (6.9 GHz) was used for validating 
the SMOS mission. It was discussed that frequencies in this range (C-band) are 
more sensitive to errors resulting from the effects of vegetation and surface 
roughness, and do not retrieve signals from other than the very top cm or two 
of the soil. Frequencies of 1–2 GHz (L-band) are ideal for soil moisture 
measurements. 
 








Table 2.3 – Microwave frequencies protected for remote sensing 





 NASA’s Soil Moisture Active Passive (SMAP) mission, launched on 31 
January 2015, is the latest Earth observation satellite to provide global 
measurements of land surface soil moisture. The satellite is placed in a 
sun-synchronous orbit, and has a revisit period of 3 days or better. It combines 
a L-band radar and a L-band radiometer into a single observation system. The 
combined soil moisture maps are expected to approach the accuracy of 
radiometer-only retrievals, but with a spatial resolution much higher than the 
radiometer resolution. The table below shows the range of soil moisture 




Description Spatial resolution 
L2_SM_P Soil moisture 
(radiometer, half orbit) 
36 km 












L4_SM Soil moisture (surface 
and root zone) 
9 km 
 
Table 2.4 – SMAP soil moisture data products (Adapted from Entekhabi et al., 
2010) 



































3.1 Background to Loran-C 
 
The history of Loran, or ‘LOng RAnge Navigation’, dates back to the first 
half of the 20th century. Its earliest version, Loran-A, was developed by the 
American military midway through the Second World War. The system, which 
became operational in 1943, was used primarily for guiding the U.S. Air Force 
over the Pacific Ocean.  
 
 Loran-A operated on one of several frequencies between 1,850 and 1,950 
kHz. The daytime ground wave coverage over seawater was around 700 
nautical miles (NM). This is usually reduced by 200 NM at night. The sky 
wave range, on the other hand, was significantly longer during the night 
(~1400 NM) because of weaker ionospheric absorption. The positioning 
accuracy was about 1 NM for ground wave reception and 6 NM for sky wave 
reception. By the end of the war, more than 70 Loran-A transmitters were 
installed, which provided coverage for vast areas of the Pacific and Atlantic 
oceans as well as selected land regions. 
 
 
Figure 3.1 – Global coverage of Loran-A at night as of August 1945 
(Illustration from [44]) 





In 1958, Loran-C was introduced as the successor of earlier variants in the 
Loran family (‘C’ denotes that it is a commercial version). Loran-C was 
designed to be a low-frequency hyperbolic system that relies mainly on ground 
waves for navigation. The carrier frequency is 100 kHz, and 99% of its signals 
occupied the 90 to 110 kHz frequency band. The original system was expected 
to achieve a maximum absolute accuracy of better than 0.25 NM (460 m).   
 
Loran-C transmitters operate in chains of up to 6 stations. A transmission 
chain includes a master station and several secondary stations. Secondary 
stations transmit groups of 8 individual pulses separated by 1ms each. The 
master station has an additional 9th pulse, which is at 2 ms after the previous 
pulse. The transmission time of each secondary station from the transmission 




Figure 3.2 – Loran-C transmitter antenna and transmitter building in Lessay, 
France (Photograph courtesy of [45])  
 





Loran-C transmission chains are characterised by their Group Repetition 
Interval, or GRI. The designated GRI of the chain is multiplied by 10 to give 
the actual GRI in microseconds. For example, the Lessay chain in Europe has a 
designated GRI of 6731, indicating that the time interval between the 
transmissions of two successive pulse groups from a station is 67310μs.  
 
Some Loran-C transmitters are ‘dual rated’, which means they are part of 
two transmission chains. In order to avoid confusion, a physical transmitter is 






Master station with 
2 secondary stations 
M, X, Y East China chain 
(GRI 8390) 
M, W, X Calcutta chain 
(GRI 5943) 
Master station with 
3 Secondary stations 
M, X, Y, Z Canadian West 
Coast chain 
(GRI 5990) 
Master station with 
Secondary stations 
 
M, W, X, Y, Z Southeast U.S. chain 
(GRI 7980) 
Master station with 
5 Secondary stations 
 
M, V, W, X, Y, Z South Central U.S. chain 
(GRI 9610) 
 
Table 3.1 – Possible configurations of Loran-C transmission chains  





The extent of cover from a Loran-C chain is partly determined by the 
physical locations of its stations. Typical site patterns include the Triad (master 
and 2 secondaries), the ‘Y’ (master and 3 secondaries) and the Star (master and 








Figure 3.4 – Loran-C stations of the West European experimental chain in 
a spatial arrangement resembling the letter ‘Y’ (Illustration from [46])      





Loran-C phase code is used to distinguish between master and secondary 
stations. It uses ‘+’ and ‘–’ to indicate whether a pulse has positive or negative 
start. The same code pattern is repeated every Pulse Code Interval (PCI), which 
comprises 2 GRI groups called GRI-A and GRI-B.  
 
 
 Master station 
 
Secondary station 
GRI-A + + – – + – + – / + + + + + + – – + 
GRI-B + – – + + + + + / – + – + – + + – – 
 
















The Loran-C pulse is described mathematically using: 
 





 exp(2 – 2
𝑡
𝑡𝑝
) cos(𝜔t + PC)                            (3.1) 
 
- A is the maximum amplitude; 
- t is the time in seconds, and tp is the time the pulse reaches its peak; 
- 𝜔 is the angular frequency; 
- PC is the phase code of the pulse.  
 
The standard tracking point of a Loran-C pulse with positive phase code is 
the 3
rd
 upward (negative to positive) zero crossing. The actual time at this point 
is the Time of Arrival (TOA) of the pulse. For a pulse with negative phase code, 
the standard tracking point is obviously the 3
rd




Figure 3.6 – Loran-C pulse showing zero-crossing times and half-cycles 
(Illustration from [48]) 





The positioning accuracy of Loran-C is inferior to satellite-based 
navigation tools like the Global Positioning System (GPS). This, combined 
with several other factors, has resulted in a noticeable decline in the use of 
Loran-C. The most recent evidence of this was the complete closure of all 
transmitting stations in the US in 2010, and the subsequent discontinuation of 
Loran-C service in Canada.  
 
Loran-C has the ability to provide only 2D navigation, which is another 
significant drawback compared to the GPS. Although the initial concept of the 
Loran system was built up based on the purpose of providing guidance for 
aircraft, Loran-C is unable to deliver any information about the change in 
height of its receiver. This is one of the reasons why it was not widely 
incorporated into later generations of aviation technology. At present, 




Figure 3.7 – Global coverage of Loran-C before the termination of 
service in North America in 2010 (Illustration from [49]) 
 





Russia has its own version of the Loran-C system – Chayka. Its signals 
have a unique ‘ringing’ character at the end of each pulse. Loran-C pulses do 
not have an interesting waveform like this because their ‘tails’ are always cut 
by the transmitter at 250 μs. 
 
 
Figure 3.8 – Comparison between the leading part of Loran-C and Chayka 




Figure 3.9 – Waveform of a Chayka pulse (Illustration from [50]) 





3.2 Concepts of wave propagation 
 
Wireless signals are essentially electromagnetic waves that propagate in 
the absence of artificially created wave-guiding structure. In general, all 
electromagnetic waves can be broadly categorised by characteristics such as 
frequency, wavelength and propagation mechanism. These are summarised in 
the table below, which is known as the radio spectrum.  
 
  




Infra-red 430 THz 0.7 µm Space wave Medical and 
military 




30 to 300 GHz 1 mm to 1 cm Space wave Satellite 
Super high frequency 
(SHF) 
 
3 to 30 GHz 1 to 10 cm Space wave Weather and 
satellite 




to 3 GHz 










Very high frequency 
(VHF) 
 











to 3 MHz 





30 to 300 kHz 1 to 10 km Surface wave Navigation 
and broadcast 
Very low frequency 
(VLF) 
 
3 to 30 kHz 10 to 100 km Surface wave Military and 
submarine 
Super low frequency 
(SLF) 
 
300 Hz to    
3 kHz 
100 to   
1,000 km 






30 to 300 Hz 1,000 to 
10,000 km 
Surface wave Military and 
submarine 
 
Table 3.3 – The radio spectrum: frequency, wavelength, propagation 









Loran-C signals are transmitted via both ground waves and sky waves. 
Depending on the frequency, a ground wave may be in the form of surface 
wave (below 300 kHz) or space wave (above 30 MHz).  
 
At 100 kHz, the wireless link is established through surface waves, which 
travel across the surface of the earth to reach the receiver. During this process, 
the wave is often modified by the nature of the terrain along its way. The 
effective range, being limited to around 1,500 to 2,000 km, is determined by 
the efficiency of the transmitter as well as the transmission power.  
 
Medium and high-frequency transmissions (300 kHz to 30 MHz) are 
achieved by sky waves, which are attenuated and refracted by ionized layers in 
the earth’s upper atmosphere (collectively known as the ionosphere). Some 
layers of the ionosphere can be as high as 700 km above the ground, while 
some are as near as 70 km. 
 
The ionosphere’s absorption is strongly dependent on solar activities. The 
strength of the received sky wave will be largest at night and then rapidly 
decreases at sunrise. For Loran-C, the sky wave usually arrives later than the 
ground wave, which makes the received pulse sky-wave free at the standard 
tracking point. However, extreme solar activities can sometimes disturb the 
ionosphere and lead to a much shorter sky wave delay. This is called an ‘early 





























The proposed method of estimating soil moisture uses the ground wave 
component of Loran-C signals. When ground conductivity is infinite, 
electromagnetic waves will travel at the speed of light. However, since the 
wave needs to propagate along the surface of the earth, its velocity is inevitably 
slowed down because of the physical and electrical properties of the 
conducting medium. 
 
The propagation of an electromagnetic wave in a conductive medium of 
conductivity ζ leads to the definition of the medium’s complex permittivity as: 
 
εc = εr – j
𝜎
𝜔𝜀0
      (3.2) 
 
where εr is the relative permittivity of the medium, and ε0 is the electric 
permittivity of free space.  
 
The complex permittivity consists of the real relative permittivity plus an 
imaginary part involving the conductivity and ε0: 
 
εc = εr + jεI      (3.3) 
 









 = ω2µ0ε0, εc = εr - j
𝜎
𝜔𝜀0









The complex permittivity produces a complex refractive index: 
 
nc = n - jnI      (3.5) 
 
where n and nI are real and positive, and nc
2
 = εc. 
 
The forward-travelling plane wave solution of equation 1.3 is: 
 
Ei (Z) = Ae
-jkoncz  
                = Ae-
konIze
-jkonz
      (3.6) 
 
The plane wave amplitude changes with z by the exponential factor e
-konIz , 
representing an exponential decay in the amplitude of the wave along the 
direction of propagation. 
 
The attenuation constant, α (in Neper/m), and the phase propagation 
constant, β (in rad/m), are defined as: 
 
α = konI      (3.7a)  
 













For low-loss dielectrics such as land, the conduction current is much 








      (3.8a)  
 
β = ω√𝜇0𝜀0𝜀𝑟      (3.8b) 
 
Seawater can be considered as a good conductor, in which the conduction 










      (3.9b) 
 
The skin depth for good conductors, defined as the distance over which the 
amplitude is attenuated by a factor 
1
𝑒



















3.3 Principles of Loran-C navigation 
 
Loran-C is a hyperbolic navigation system, in which the user’s position 
is determined from the difference in the time of arrival of signals from 
master-secondary pairs. The time difference (TD) between each station pair is 
represented by a hyperbolic line of position (LOP). Two LOPs (and hence three 
stations) are required to fix the position of the receiver.  
 
Suppose that a mariner within the coverage area of three Loran-C 
stations wants to know the current position of his ship. As illustrated by the 
example in Figure 1, the master station ‘M’ is located at the point (-200, 0). 
The two secondary stations ‘X’ and ‘Y’ are located at (200, 0) and (0, 500) 
respectively. If the Loran-C user records that the measured TD between the 
arrival of pulses from ‘M’ and ‘X’ is 8 ms, and that between ‘M’ and ‘Y’ is also 
8 ms, then the position of the ship must lie at the intersect of the two 
hyperbolas (shown in bold in the grid).  
 
 
Figure 3.10 – Example of a hyperbolic grid showing the basic principle 
of position determination in a hyperbolic navigation system (Illustration from 
[51]. 





The hyperbolic grid in Figure 3.10 is otherwise known as a hyperbolic 
lattice. Apart from the LOPs, several other terms are commonly referred to in 
describing the lattice: 
 
1. A straight line which directly joins a master-secondary pair is termed 
the baseline. The time it takes for Loran-C pulse to travel along the 
full length of the baseline is termed baseline travel time.  
 
2. The extension of the baseline beyond the joined master-secondary 
pair is termed baseline extension.  
 
3. A line that bisects the baseline is termed the centreline. The 
centreline is also considered as a hyperbolic LOP.  
 
 










In some circumstances, two LOPs may intersect at more than one point. 
This is known as fix ambiguity. The area near baseline extension is where this 
problem most often occurs. In this situation, another secondary station may be 
required in order to create an additional LOP to determine which of the two 
intersects is the correct position.  
 
Measured Loran-C TD data is converted into positioning information 
(i.e. latitude and longitude) with the help of overprinted charts. LOPs, based on 
the TD between master-secondary pairs, are printed on these special nautical 
charts. A Loran-C overprinted chart for a specific coverage area may display 
TDs for several station pairs. The stations may not belong to the same 
transmission chain. If the Loran-C receiver does not have the capability to 
automatically select the most appropriate chain and secondary station for use, 
then this will need to be done manually by the user. 
 
Loran-C overprinted charts use rate designators and standard colour 
coding to allow each LOP to be easily identified. The GRI and the secondary 
station are collectively referred to as the rate, and a distinct colour is assigned 
to each of the secondary stations in a chain.  
 
On former charts published in the US, the colours blue, magenta, black 
and green were used for representing secondary stations ‘W’, ‘X’, ‘Y’ and ‘Z’. 
For example, if the theoretical TD between a master and a secondary ‘X’ is 
25750µs (assuming that they belong to the Northeast US chain, GRI 9960), the 
index for the printed LOP would be ‘9960-X-25750’. In this case, the rate is 









On standard Loran-C overprinted charts, the spacing between adjacent 
TDs is usually chosen to be multiples of 5 µs or factors of 100 µs. This means 
not every possible LOP can be printed on the charts. The user will be required 
to interpolate between the printed LOPs in order to obtain an accurate position 
fix.  
As an example, imagine that a mariner sees two TDs displayed on the 
screen of his Loran-C receiver, TD1 = 25744 µs and TD2 = 43952 µs. Suppose 
that the mariner is in the coverage area of the Northeast US chain (note the 
stations in this chain, together with other Loran-C stations located in North 
America, are no longer in use). Referring to his owner’s manual, he recognises 
that ‘1’ denotes the secondary ‘X’ and ‘2’ denotes the secondary ‘Y’. In other 
words, the two TD readings represent the measured TDs between the master 
and secondaries ‘X’ and ‘Y’.  
 
 
Figure 3.12 – Position determination without interpolation (Illustration 
from [51]). 
 





The shaded area in Figure 3.12 is the approximate position of the 
mariner, which was determined without interpolation. In this Figure, the 
spacing between adjacent TDs for secondary ‘X’ is 10 µs and that for 
secondary ‘Y’ is 5 µs.  
 
It is obvious that TD1 should be 4/10ths of the distance between the 
LOPs ‘9960-X-25740’ and ‘9960-X-25750’, and TD2 should be 2/5th of the 
distance between ‘9960-Y-43950’ and ‘9960-Y-43955’. Figure 3.13 shows how 
the LOP for TD1 is determined using a Loran-C linear interpolator, which is 
usually a plastic card with uniform scales marked on it.  
 
 
Figure 3.13 – Determining the LOP for TD1 using a linear interpolator 










Nowadays, the conversion from Loran-C TDs to latitude and longitude 
can be achieved automatically by the receiver. This is a significant contrast to 
earlier generations of Loran-C receivers, which simply did not have the 
complex algorithms required for this coordinate conversion.  
 
Some modern receivers have an automatic transmitter selection (ATS) 
feature, which helps the user to select the stations that are most suitable for the 
planned voyage. The main function of a Loran-C receiver, as always, is to 
compute TDs for chosen station pairs by locking onto the correct tracking cycle 





Figure 3.14 – Texas Instruments TI9100 Loran-C receiver (Photograph 



































4.1 Time delay of Loran-C signals 
 
For electromagnetic waves travelling through vacuum, the propagation 
time is simply the total distance divided by the speed of light in free space 
(299792458 m/s). In Loran-C transmissions, however, the velocity of the 
signals would be affected by conductivity changes due to constantly varying 
terrain.  
 
The term ‘time delay’ refers to the total amount of time it takes for a signal 
pulse to travel from a transmitter to the receiving end. The factors that 
contribute to the time delay of Loran-C signals are linked together by the 
following equation: 
 
True propagation time = PF + SF + ASF      (4.1) 
 
The primary factor, or PF, is defined as ‘the time of propagation of the 
signal through the atmosphere 
[52]’. This is expressed mathematically as:  
 












      (4.2) 
 
- d is the propagation distance. 
- vpf is the speed of light in atmosphere, which is 299691162 m/s. 
- η is the refractive index in atmosphere. The U.S. Coast Guard 









A slightly different definition of PF also exists, which specifies it as ‘the 
difference in propagation time between a signal traversing through vacuum 
versus the atmosphere 
[52]’. The mathematical equation is: 
 












 = (η-1) 
𝑑
𝑐
      (4.3) 
 
The secondary factor, or SF, accounts for ‘the difference in propagation 




Given the standard assumption that the conductivity of seawater is equal to 
5 Siemens per metre (5 S/m), the following equations are provided for the 
calculation of SF: 
 
For d ≤ 100 statute mile (160.9 km),  
SF (µsec) = -0.1142 + 0.00176d + 
0.510483
𝑑
      (4.4) 
 
For d ≥ 100 statute mile, 
SF (µsec) = -0.40758 + 0.00346776d + 
24.0305
𝑑















The most unpredictable influence on the total delay comes from the 
additional secondary factor (ASF). It is defined as ‘the extra delay on the time 
of arrival of the signal due to propagation over inhomogeneous, rough land 
path rather than an all seawater path 
[52]’. In other words, the ASF would be 
zero if the propagation path is entirely seawater.  
 
In practice, nominal ASF, local grid and differential corrections are needed 
to create a reliable ASF prediction that satisfies the accuracy requirement for 
harbor entrance approach (HEA).  
 
Nominal ASF is an averaged value of the additional secondary factor for a 
relatively large area of tens to hundreds of kilometers. This is available from 
tabulated data published by the Loran-C service provider. On top of this, local 
ASF grid is used to take into account specific local variations of ASF within 
the area covered by the nominal ASF. The remaining error margin is corrected 
through differential corrections performed by monitoring stations situated on 
roughly the same path as the receiver.  
 
 
Figure 4.1 – Nominal (low-density) and harbor entrance approach 
(high-density) ASF grid
 
(Illustration from [52]) 
 





4.2 Ground conductivity and Loran-C time delay 
 
The propagation time t of an electromagnetic wave propagating along a 
transmission line with length L buried in a conductivity medium (of 
conductivity ζ) is given by [53]: 
 











      (4.6) 
 
- 𝜀0 is the permittivity of free space (8.85418782 × 10-12 F/m). 
- 𝜀r is the relative permittivity. 
- 𝜔 is the angular frequency in rad/s, which is equal to 2𝜋f where 
f is the frequency in Hz. 
 
Different types of soil can exhibit completely opposite dielectric properties. 
For example, soil with more clay contents is considered much more conducting 
due to the relaxation of water molecules on the surface of clay particles. Sandy 
soil, on the other hand, is treated as virtually non-conductive. In this case, ζ is 




t = ( 
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Modelled data from the U.S. Department of Commerce and the National 
Bureau of Standards provides the opportunity to investigate how, at different 
conductivities, the sum of SF and ASF (PF is independent of conductivity) 
would behave with increasing propagation distance.
 
 
 The following assumptions were made: 
 
- Height of propagation, h = 0.  
- Relative permittivity, 𝜀r = 15.  
- Cyclic frequency, f = 100 kHz. 
- Plane earth model is used for propagation distances of 0 to 100 
statute miles. This model ignores the curvature of the earth. 
- Spherical earth model applies to propagation distances of 100 
statute miles or above.  
- Both models deal only with a homogenous path with 






































4.4108 4.4138 4.4205 4.4196 4.4209 
0.2 3.5351 
 
3.5444 3.5537 3.5633 3.5751 3.5802 
0.5 1.4287 
 
1.3499 1.2972 1.2522 1.2014 1.1807 
1 0.89338 
 
0.77668 0.69438 0.62225 0.53842 0.50384 
2 0.78812 
 
0.62924 0.51684 0.41296 0.29406 0.24479 
5 0.94579 
 
0.70510 0.52766 0.35307 0.18108 0.10321 
10 1.2334 
 
0.90414 0.65748 0.43407 0.16951 0.059424 
20 1.7272 
 
1.2250 0.88285 0.56964 0.19652 0.040878 
50 2.4964 
 









































3.8489 3.0444 2.1180 0.92781 0.42051 
500 7.3738 
 
6.5787 5.7176 4.2414 2.2330 1.3579 
1000 11.826 
 
10.948 9.9936 7.8031 4.5332 3.0811 
 
Table 4.1 – ‘SF + ASF’ versus propagation distance [54] 
 






Figure 4.2 – The effect of ground conductivity on ‘SF + ASF’ for 
propagation distances of 0 to 160 km (0 to 100 statute miles) 
 
 
Figure 4.3 – The effect of ground conductivity on ‘SF + ASF’ for 










The trend observed from the distance versus time delay curves is that at the 
same propagation distance, ‘SF + ASF’ would be smaller for higher 
conductivities. The only exception is when the transmitter and receiver are very 
close together.  
 
As shown in figure 4.2, most curves tend to have a brief region in which 
the delay drops down sharply from a relatively large value until a point where 
it starts to gradually rise again with increasing distance from the source. 
Between 100 and 1600 km, the time delay increases with distance, and the 
relationship between them is largely linear. Precise information about these 




Gradient Intercept Relationship 
5 
 
0.002024 -0.2069 y = 0.002024x – 0.2069 
0.05 
 
0.002776 0.04546 y = 0.002776x + 0.04546 
0.005 
 
0.004437 0.6681 y = 0.004437x + 0.6681 
0.002 
 
0.005466 1.239 y = 0.005466x + 1.239 
0.001 
 
0.005636 1.938 y = 0.005636x + 1.938 
0.0005 
 
0.005684 2.728 y = 0.005684x + 2.728 
 
Table 4.2 – Linear model for figure 4.3 





The generalized curves are only suitable for a homogeneous path, which is 
rarely encountered in a practical situation. Millington’s Method is a commonly 
used empirical approach for estimating the ASF of a mixed propagation path – 
a path that includes various types of terrain and seawater.  
 
The idea is to divide the overall path between transmitter and receiver into 
a series of homogeneous segments where each segment is represented by a 
nominal conductivity value. This is illustrated by an example below: 
 
 
 forward            𝜍1           𝜍2            𝜍3 
                d1           d2             d3 
Transmitter                                           Receiver 
                d6           d5             d4 
                 
                                                    backward 
 
Figure 4.4 – Example of a mixed propagation path which has been divided into 
three homogeneous paths (d1 = d6, d2 = d5 and d3 = d4) 
 
The sum of SF and ASF for this example is given by the following 
equations:  
 
SF + ASF = 
1
2
 × [(SF + ASF) forward + (SF + ASF) backward]      (4.8) 
where 
(SF + ASF) forward = (SF + ASF)𝜍1,d1 + (SF + ASF)𝜍2,d2 + (SF + ASF)𝜍3,d3  
(4.8a) 
 





(SF + ASF) backward = (SF + ASF)𝜍3,d4 + (SF + ASF)𝜍2,d5 + (SF + ASF)𝜍1,d6 
(4.8b) 
 
The incremental times for each segment in the path can be determined 
from figures 4.2 and 4.3, as well as table 4.2. However, delay curves for a 
wider range of conductivities are needed to take into account the many types of 
propagation surface
 
(see table 4.3). The SF, which is calculated using equations 
4.4 and 4.5, may be subtracted from the result of equation 4.8 to give the ASF 
for this path. For a numerical example of a mixed path for ASF calculations by 
Millington’s Method, the reader is referred to reference [51]. 
 
 
Terrain description Conductivity (S/m) 
 
Seawater 5 
Rich agricultural land 0.01 – 0.03 
Forested land 0.008 
Fresh water 0.008 
Pastoral land, medium hills and forestation 0.004 – 0.005 
Rocky land, dry sandy coastal land 0.002 
Mountainous land, cities 0.001 
Snow-covered mountains 0.0005 
 
Table 4.3 – Typical conductivity values for seawater, fresh water and various 

















Remote sensing of soil moisture and ocean 





















5.1 Determining soil moisture from Loran-C delay variation 
 
As described in chapter 4, the theoretical time delay of a Loran-C pulse is 
computed by adding together atmospheric delay (PF), the seawater delay (SF), 
and the land path delay (ASF). For navigation purposes, the modeled values of 
these three factors are stored in virtually all modern Loran-C receivers. 
However, the ASF variations caused by ground conductivity can only be 




Figure 5.1 – Actual time delay of Loran-C signals 
 
 
The studies presented in this thesis explore two different methods of 
measuring the variations in the ASF in addition to the theoretical value. Given 
a mixed or all-land path, land surface properties should have a significant effect 
on the measured ASF variations. On the other hand, if the propagation path 
consists of entirely seawater, then sea surface properties such as temperature 
and salinity must be the predominant influence. The second scenario is 









Atmospheric dynamics may also contribute to the measured Loran-C delay 
variations. The PF is governed by the atmosphere’s index of refraction η, which 
varies between 1.00025 and 1.0004. More often, the refractivity N is 












      (5.1) 
 
N = (η-1) × 106      (5.2) 
 
- p is the barometric pressure (in millibars). 
- T is the absolute temperature (in Kelvin). 
- es is the partial pressure of water vapor (in millibars). 
 
For the study described in this chapter, the variations in the PF are 
removed from the overall delay variations. The residual delay is assumed to 
have a negative correlation with ground conductivity.  
 
In equation 5.1, p and es can be calculated from mean sea level pressure 
and total column water vapor using the following equations: 
 
p (mbar) = 
𝑚𝑒𝑎𝑛 𝑠𝑒𝑎 𝑙𝑒𝑣𝑒𝑙 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 (𝑃𝑎)×1000
101325
      (5.3) 
 
es (mbar) =
𝑡𝑜𝑡𝑎𝑙 𝑐𝑜𝑙𝑢𝑚𝑛 𝑤𝑎𝑡𝑒𝑟 𝑣𝑎𝑝𝑜𝑢𝑟 (𝑘𝑔𝑚−2)×9.81×1000
101325









The electrical conductivity of the ground is related to soil moisture by 
Archie’s law [56]: 
 
𝜍 = Wα𝛽      (5.5) 
 
- ζ is the ground conductivity in S/m.  
- W is the fractional water content of soil, or soil moisture.  
- α is a constant that lies between 1.5 and 2.2.  
- β is the conductivity of water in the soil. 
 
The only challenge of directly using equation 5.5 comes from β, because it 
varies with other properties such as the water’s temperature and salinity. It has 
been suggested that although the relationship between water conductivity and 
temperature is generally nonlinear, the degree of nonlinearity will be small 
enough for this relationship to be represented by a linear equation instead. This 
equation applies within a temperature range of 0 to 30 ℃ [57]: 
 
ECt = EC25 [1 + a (t – 25)]      (5.6) 
 
- ECt is the electrical conductivity of water at temperature t ℃.  
- EC25 is the electrical conductivity of water at 25 ℃.  
- a is a temperature compensation factor, which commonly lies 
around 0.02 ℃-1. It was suggested that a representative 
compensation factor may be used for natural waters with 
various compositions and salinities.  
 





The following data from the National Physical Laboratory (NPL) shows 













1.745 2.137 2.523 2.906 3.285 
5 
 
2.015 2.466 2.909 3.346 3.778 
10 
 
2.300 2.811 3.313 3.808 4.297 
15 
 
2.595 3.170 3.735 4.290 4.837 
20 
 
2.901 3.542 4.171 4.788 5.397 
25 
 
3.217 3.926 4.621 5.302 5.974 
 












Taking the conductivities at 25 ℃ from table 5.1, and then applying 














1.609 1.963 2.311 2.651 2.987 
5 
 
1.930 2.356 2.773 3.181 3.584 
10 
 
2.252 2.748 3.235 3.711 4.182 
15 
 
2.574 3.141 3.697 4.242 4.779 
20 
 
2.895 3.533 4.159 4.772 5.377 
25 
 
3.217 3.926 4.621 5.302 5.974 
 
Table 5.2 – Electrical conductivity of seawater at atmospheric pressure 













Figure 5.2 – Calculated and measured conductivities of seawater 





Figure 5.3 – Calculated and measured conductivities of seawater 
(salinity = 25 g/kg) 
 







Figure 5.4 – Calculated and measured conductivities of seawater 





Figure 5.5 – Calculated and measured conductivities of seawater 
(salinity = 35 g/kg) 
 







Figure 5.6 – Calculated and measured conductivities of seawater 
(salinity = 40 g/kg) 
 
Comparison between calculated and measured seawater conductivities 
shows that equation 5.6 is reasonably accurate with a maximum error margin 
of less than 0.3 S/m. Therefore, the linear EC-temperature relation would be 
adequate for the purpose of this research. Further studies may still be necessary 















5.2 Validation study 1: remote sensing of soil moisture 
 
The method described in this thesis requires real-time measurements of 
Loran-C time delay variations. In the following study, the measured delay 
variations of Loran-C signals transmitted from the Lessay station in Northern 
France and received at Bath between February 1, 2012 and February 21, 2012 
was used. The 100 kHz pulses were recorded using a wideband low-frequency 
receiver deployed at the University of Bath. For technical details about the 




Figure 5.6 – The wide-band digital low-frequency radio receiver used for 










Figure 5.7 – A time-averaged PCI group (2 GRI groups) received in Bath 
from the Lessay Loran-C chain. The pulse groups are in the order of Lessay 
(France), Soustons (France), Anthorn (UK) and Sylt (Germany).  
 . 
 










The received Loran-C waveforms were averaged over 20 seconds, and the 
variations in time delay was computed by comparing all the pulses with a 
reference pulse. In Figure 5.9, each data sample in the time series represents 
the deviation in the delay with respect to the delay of a pulse received on 
February 18, 2012. 
 
 
Figure 5.9 – Measured Loran-C delay variations along the propagation path 
between Lessay and Bath 
 
 
Measured Loran-C delay variations at around 00:00, 06:00, 12:00, and 
18:00 coordinated universal time (UTC) were selected for each day for 
comparison with the interim reanalysis data from the European Centre for 
Medium-Range Weather Forecasts (ECMWF). The temporal resolution of this 
model data is 6 hours.  
 
 





The modeled soil temperature and soil moisture at 1.5° × 1.5° spatial 
resolution were retrieved from the interim reanalysis. For the interim reanalysis, 
the ECMWF adopts a multilayer model where the soil is discretized into four 
layers. The first three layers: 0 to 7 cm, 7 to 28 cm, and 28 to 100 cm, are 
considered here. For an overview of the ECMWF’s data assimilation system, 
the reader is referred to [60]. 
 
The Loran-C propagation path between Lessay and Bath is approximately 
250 km in length. It consists of a seawater section and two land sections. Over 
the 3-week measurement period, precipitation occurred along both land paths. 
However, the French section of the Loran-C path is unsuitable for validation 
studies as the signals have to travel across a very narrow coastal region. 
Therefore, the location for the retrieval of the ECMWF data is chosen to be 
between Bath and the south coast of England (∼95 km). Since the ECMWF 
data set is on a 1.5° × 1.5° Gaussian grid, the retrieved soil moisture represents 
the entire English section of the Loran-C path. 
 
 
Figure 5.10 – The Loran-C signal propagation path between Lessay and Bath 
(Image from Google Earth) 





The diagram below shows the procedures of estimating soil moisture using 






















Figure 5.11 – The Loran-C method of estimating soil moisture 
 
Assume that a 50 ns increase in delay 
represents a decrease in ground 
conductivity of 0.001 S/m (i.e. 1ns = 
0.00002 S/m). The exact relationship 
may be derived from modelled delays 




Select Loran-C time delay data. Retrieve 2 m 
temperature, mean sea level pressure, and 
partial water vapor pressure from the 
ECMWF interim reanalysis (see figures 5.12 
to 5.14). Remove the variations in the PF 
from the overall delay variations. 
 
ζ = reference conductivity – delay × 0.00002  
Compute soil moisture using equation 
5.5. 
Retrieve ECMWF soil temperature 
Compute β (ECt) using equation 5.6.  
Retrieve ECMWF soil moisture for comparison with the estimated values. 
If the two time series are not in alignment, then adjust the reference ground 
conductivity, a (in equation 5.6) and α (in equation 5.5) accordingly. These 
parameters are kept consistent across the entire time series. 
At around 00:00, 06:00, 12:00, 
and 18:00, 1 Feb 2012 to 21 Feb 
2012 
Assume that the reference 
ground conductivity is 6 mS/m 
(refer to Table 4.3 for typical 
conductivity values). 
EC26 = 0.109 S/m is used as EC25 is 
unknown. 
 
a = 0.02 ⁰C-1 
α = 2 






Figure 5.12 – 2 m temperature (Data from the ECMWF) 
 
 
Figure 5.13 – Mean sea level pressure (Data from the ECMWF) 
 
 






Figure 5.14 – Partial water vapor pressure (Data from the ECMWF) 
 
 
Figure 5.15 – Comparison of the ECMWF soil moisture product (solid line) 
and the Loran-C estimated soil moisture (dashed line) for the 0-7 cm layer 
 






Figure 5.16 – Comparison of the ECMWF soil moisture product (solid line) 
and the Loran-C estimated soil moisture (dashed line) for the 7-28 cm layer 
 
 
Figure 5.17 – Comparison of the ECMWF soil moisture product (solid line) 
and the Loran-C estimated soil moisture (dashed line) for the 28-100 cm layer 
 
 





The time series comparison of the ECMWF soil moisture and the Loran-C 
estimated soil moisture for the uppermost soil layer (0 to 7 cm) shows good 
correspondence between the two data sets. For the second layer (7 to 28 cm), 
however, the estimated soil moisture reveals an apparent wet bias. This is as 
expected because in figure 5.15, a nominal value of 6 mS/m was chosen as the 
ground conductivity at the time of the reference delay. The purpose of this was 
to bring the two sets of values into alignment. 
 
The second layer is less affected by precipitation than the surface layer and 
is therefore drier overall. This means that the reference conductivity needs to 
be slightly lowered for this layer (see figure 5.18). The third layer (28 to 100 
cm) is insensitive to precipitation, so the Loran-C method was unable to 
produce an accurate estimation of soil moisture for this layer.  
 
 
Figure 5.18 – Comparison of the ECMWF soil moisture product (solid line) 
and the Loran-C estimated soil moisture (dashed line) for the 7-28 cm layer, 
where the reference conductivity is lowered from 6 mS/m to 5.6 mS/m. 
 





The Loran-C estimated soil moisture in figures 5.15 to 5.18 was computed 
using the ECMWF soil temperature data at the corresponding depth. A good 
agreement was obtained after combining the data for the first two layers of soil 
(see figures 5.19 and 5.20), with linear correlation coefficient ρ = 0.5808 and 





Figure 5.19 – Comparison of the ECMWF soil moisture product (solid line) 
and the Loran-C estimated soil moisture (dashed line) for the 0-28 cm layer 
 
 
Figure 5.20 – Scatter plot for figure 5.18. The blue line indicates y=x, and 
the red line is the line of best fit.  





Interestingly, combining soil layers 1, 2 and 3 produces a better correlation 
(see figures 5.21 and 5.22). This could be due to the fact that the 28 to 100 cm 
layer soil moisture, which varies much slower with time, had smoothed out the 
distinct transient increases in soil moisture seen in the upper layers. However, 
the soil moisture appears to have been significantly overestimated because the 




Figure 5.21 – Comparison of the ECMWF soil moisture product (solid line) 
and the Loran-C estimated soil moisture (dashed line) for the 0-100 cm layer 
 
 
Figure 5.22 – Scatter plot for figure 5.21. The blue line indicates y=x, and 
the red line is the line of best fit.  





Overall, the Loran-C method has slightly overestimated the soil moisture 
in southern England. The most obvious reason is that precipitation events in 
northern France may have also contributed to the measured variations in 
Loran-C time delay. Additionally, the seawater section of the Loran-C path is 
approximately 105 km long. Any variations in sea surface conductivity would 
also influence the Loran-C delay. This is validated through a separate study in 























5.3 Validation study 2: remote sensing of sea surface salinity 
 
Sea surface Salinity is an essential parameter in the study of global ocean 
circulation and the water cycle. Current sources of salinity data include the 
European Space Agency’s Soil Moisture and Ocean Salinity (SMOS) satellite 
[61], NASA’s Aquarius satellite [62], the UK Met Office’s Forecasting Ocean 
Assimilation Model (FOAM)
 [63]





Figure 5.20 – Sea surface salinity from SMOS (Image from [65]). 
 
At present, it is proving difficult to obtain continuous salinity data from 
either in situ or satellite measurements. For example, there are more than 3,000 
Argo floats drifting in the World’s oceans, each providing seawater temperature 
and salinity profiles with a temporal resolution of around 10 days. Both Argo 
and FOAM are capable of producing estimates of sea surface salinity down to 
5 m.  
 





In contrast, SMOS (launched in 2009) and Aquarius (launched 2011), 
which use passive L-band radiometers to determine brightness temperature of 
the sea surface, can only estimate the salt content in the top few centimetres. 
For this reason, satellite measurements are particularly sensitive to surface 
effects such as high wind speeds. Existing remote sensing methods are known 
to have problems in mid to high latitudes (due to RFI) and in cold waters. 
 
This study attempts to explore a different approach to the current methods, 
by measuring the time delay variations of Loran-C signals transmitted over a 
path that consists entirely of seawater. For an all-seawater path, sea surface 
salinity must have a predominant effect on the measured delay variations.  
 
The time delay variations of Loran-C signals transmitted between the 
German Sylt station and Harwich in the south east of England were computed 
using an integrated Loran-C/GPS receiver deployed in at Trinity House in 
Harwich. The resulting data, which covers a 17-month period between 
February 2010 and July 2011, has a temporal resolution of 30 seconds.  
 
 
Figure 5.21 – The Loran-C signal propagation path between Sylt and Harwich 
(Image from Google Earth) 





Atmospheric data fields (surface pressure, 2 m temperature) were retrieved 
from the ECMWF’s Interim Reanalysis at 1° × 1° spatial resolution (Gaussian 
grid) and 24-hour temporal resolution (see figures 5.22 and 5.23). These were 
used to compute the PF, whose variations were removed from the overall delay 
variations. The partial pressure of water vapor (see equation 5.1) was ignored 
in this study as it has negligible effect on the refractivity N.  
 
 
Figure 5.22 – Surface pressure (Data from the ECMWF) 
 
 
Figure 5.23 – 2 m temperature (Data from the ECMWF) 





Sea surface temperature (SST) was also retrieved from the ECMWF at the 
same spatial and temporal resolution (see figure 5.24). The SST delay shown in 
figure 5.25 is based on the assumption that across the 560 km path, a 1 K 
increase in SST represents a 5.6 ns decrease in delay (i.e. 1 ns per 100 km per 
K). This was inferred from the modelled delays given in [52]. 
 
 
Figure 5.24 – Sea surface temperature (Data from the ECMWF) 
 
 
Figure 5.25 – Variations in the Loran-C delay (blue), the modelled atmospheric 
delay (green), and the modelled SST delay (red). 
 





The modelled variations in the SST delay were also removed from the 
measured delay variations. The residual delay was compared to daily FOAM 
data (1° × 1° Latitude/Longitude grid) and monthly SMOS data (1° × 1° 
Cartesian grid) for the same period. In both cases, the validation data was 
retrieved at roughly the centre of the path. Aquarius was not used for validation 
because it is not within the time frame of the measurements. A 24-hour moving 
average filter was applied to the residual Loran-C delay in order to remove any 




Figure 5.26 – Comparison of the inverted residual Loran-C delay (blue) and the 












Figure 5.27 – Comparison of the inverted residual Loran-C delay (blue) and the 
monthly SMOS salinity data (red). 
 
In figures 5.26 and 5.27, the residual Loran-C delay was inverted to reflect 
the variations in the conductivity of seawater. The FOAM data in figure 4.16 
corresponds to the top 5 m layer of the ocean. SMOS, on the other hand, is 
only capable of producing salinity estimates for the top few cm of the sea 
surface. Since the Loran-C surface wave is not going to penetrate more than 1 
m into seawater, the residual delay appears to be in better agreement with the 
monthly SMOS observations.  
 
Figure 5.28 shows a scatter plot where the residual Loran-C delay data is 
interpolated onto the time for the SMOS data. The linear correlation coefficient 
(ρ = 0.8488) and significance level (p = 6.3×10-5) suggest that changes in the 
residual delay are largely echoed by the variations of sea surface salinity.  
 
 






Figure 5.28 – Time-averaged scatter plot for figure 5.27  
 
The sylt station is a dual-rated Loran-C station. It acts as the master station 
of the Sylt chain as well as a secondary station of the Lessay chain. The delay 
variations presented in the previous figures were computed using Lessay chain 
signals. As shown in figures 5.28 and 5.29, similar results were obtained using 




Type ED (𝛍s) Power (kW) 
Lessay M 0 250 
Soustons X 13000 250 
Anthorn Y 27300 250 
Sylt Z 42100 250 
  
Table 5.3 – Stations of the Lessay Loran-C chain (GRI 6731) 
 
 







Type ED (𝛍s) Power (kW) 
Sylt M 0 250 
Lessay X 14100 250 
Vaerlandet Y 29500 250 
 
Table 5.4 – Stations of the Sylt Loran-C chain (GRI 7499) 
 
 
Figure 5.28 - Variations in the time delay of Loran-C signals transmitted by 
SyltGRI_7499 (blue), the modelled atmospheric delay (green), and the modelled 














Figure 5.29 – Comparison of the inverted residual Loran-C delay for 


















































This thesis has presented a novel method for the continuous monitoring of 
wide-area soil moisture. The ability to remotely sense the temporal variation of 
soil moisture on an adequate spatial scale is essential for geophysical and 
environmental studies. Soil moisture can be determined from in situ 
measurements, remote sensing, and hydrological models. In situ, or point 
measurements are unable to reveal the spatial distribution of soil moisture, 
unless a network of instruments is deployed. This is not only prohibitively 
expensive but also impractical.  
 
Remote sensing is the preferred method of collecting soil moisture data 
over wide areas on a routine basis. The data, however, is not exactly continuous 
because of infrequent satellite revisit time. Additionally, the microwave 
retrieval depth of a few centimetres is not ideal for most applications. 
Compared to satellite remote sensing, hydrological models can produce data 
with much improved temporal resolution and observation depth. The main 
drawback is that these models require a lot of external data, and the model 
parameters are difficult to determine.  
 
 The objective of this research was to explore a method which could 
overcome the above limitations. It has been proved that the new method was 
able to produce estimates of wide-area soil moisture with better continuity and 
observation depth than microwave remote sensing. Also, a simplified algorithm 
makes it less dependent on external data than any of the current soil moisture 
retrieval algorithms or models.      
 
 





 The Loran-C method described in this thesis makes an interesting use of 
low-frequency navigation signals. Loran-C is a hyperbolic navigation system 
where the position of the user is determined from the time delay of 100 kHz 
signals transmitted by a network of terrestrial stations. Each Loran-C chain, 
often consisting of 3 to 4 stations, emits groups of pulses in a pre-defined 
sequence.  
 
At the frequency used by Loran-C, transmissions occur in the form of 
ground waves and sky waves. The ground wave follows the curvature of the 
earth and arrives earlier than the sky wave due to shorter path length. The 
unique shape of the received pulse makes it easy to identify the ground wave 
component and determine its arrival time. The variation in the time delay of 
Loran-C ground waves gives an indication of conductivity changes along their 
path. The latter is influenced by atmospheric and land surface dynamics.  
 
This thesis described two validation studies. In the first study, an analysis 
was carried out using the time delay of Loran-C signals recorded over a 3-week 
period in Bath, from the Lessay station in Northern France. Model data from 
the ECMWF were used for calculation, calibration, and inter-comparison. 
Relatively good correspondence between the Loran-C estimated soil moisture 
and the ECMWF product was found for a soil depth of 0 to 28 cm.  
 
 The first validation study discovered that there are properly timed 
variations in ground conductivity associated with precipitation events. These 
variations show a time evolution which best matches soil moisture changes 
with a depth of up to 28 cm in the land surface model. This represents an 
improvement over satellite measurements in terms of not only the temporal 
resolution but also the observation depth. 
 





The soil moisture estimated using the Loran-C method requires an 
assumption of soil conductivity at a reference time and location. This means an 
external source of soil moisture data is needed in order to initialise the Loran-C 
soil moisture retrievals. Spaceborne measurements would be the most suitable 
option as model data are often not available instantaneously. Validation results 
suggest that the chosen reference conductivity need to be lowered for the layer 
between 7 and 28 cm because of drier soil conditions. 
  
This thesis also introduced a potential method for the remote sensing of 
sea surface salinity based on the time delay variations of Loran-C signals 
measured over 17 months across an all-seawater path between the Sylt station 
in Germany and Harwich in the UK. Results of the second validation study 
show that these variations may be explained partly by changes in sea surface 
temperature and atmospheric conditions. Subtracting these two components, 
the residual delay revealed a temporal variation similar to that of the sea 
surface salinity obtained by the SMOS satellite. 
 
In conclusion, the Loran-C remote sensing method could eventually 
become a standard technique of measuring soil moisture and ocean salinity. 
The prospect of this depends on further validation results and extended 
research projects. Some of the possible future research areas are discussed in 













6.2 Direction for future work 
 
The emphasis of thesis has been on exploring a suitable method for 
improving the temporal sampling of wide-area soil moisture. The Loran-C time 
delay data used in the first study came from a receiver unit deployed in Bath 
(BTH). Three other units have been deployed in France – Lannemezan (LMZ), 
Orleans (ORL) and Rustrel (RST). All of them are capable of receiving 
Loran-C signals sent by transmitters which belong to the Lessay chain.  
 
 









Since there are four Loran-C stations in the Lessay chain, the receivers 
being deployed can set up a total of 16 propagation routes. The next step is to 
select some of these paths, and then conduct a similar analysis to that already 
described in this thesis to further examine the current approach. The most 
suitable path should be relatively short and consist entirely (or mostly) of land. 
Results from these studies will determine whether the current method is able to 
deliver consistent level of accuracy. This time more validation sources should 
be considered, especially the latest Soil Moisture Active and Passive (SMAP) 
mission. 
 
The Loran-C method requires signals to be converted to a numerical 
format, where the Time of Arrival (TOA) and delay deviation are clearly listed. 
The data file is then manipulated in combination with external data for 
calculation, calibration and validation. In the first study, the delay variation was 
computed from recorded waveforms using MATLAB. It would be interesting 
to find out if the programs could be slightly modified to measure the delay 
variation between pairs of receivers. 
 
 In fact, the commercial receiver used in the second validation study may 
be suitable for this purpose because it is specifically designed for Loran-C ASF 
measurements, which means the data processing is achieved automatically by 
receiver. The twin-receiver approach is particularly significant for mixed paths 
such as that between Lessay and Bath (see figure 6.2). Deploying extra 
receivers at points B and C would allow each of the three homogenous sections 











Figure 6.2 – Locations for the deployment of extra receivers (B and C) 
along the path between Lessay and Bath  
 
A field campaign may be carried out given the further validation studies 
produce promising results and that the twin-receiver set-up is feasible. This 
would involve a network of receivers being deployed across a catchment. Time 
delay measurements could be made at differing weather conditions, and the 











During the field campaign, the receivers may be deployed in different 
configurations. For example, they could either be laid out, at uniform spacing, 
on a line towards a Loran-C transmitter, or in a hexagon where most pairs of 
receivers lie on a line to one of several transmitters. The hexagonal deployment, 
in particular, could be used to examine if the Loran-C method is capable of 
providing 2D maps of soil moisture. The twin-receiver set-up is also essential 
for future ocean salinity studies, which would hopefully utilise not only the 
costal transmitters near the receivers, but also the ones which are located 
further inland.  
 
An uncertainty in the Loran-C method is that it has to rely upon real-time 
atmospheric and land surface measurements for instantaneous sampling of soil 
moisture. In a field campaign, the collection of these data will need to be 
carried out simultaneously with the time delay measurements.  
 
Another issue is that Loran-C signals are transmitted far more frequently 
than that is necessary for the purpose of conductivity retrieval. This explains 
why the recorded pulses were averaged and then filtered in the studies 
described in this thesis. A potential alternative to Loran-C is the low-frequency 
time signals such as the DCF77, which have a carrier frequency of 77.5 kHz. 
They enjoy the advantage over Loran-C that their Time-of-Transmission (TOT) 
could be interpreted from the shape of each individual pulse. This means that 
rather than having to record them continuously, it would be possible to use the 
pulses at selected times for analysis. However, only further studies can prove 
whether the time delay of these signals may be computed in a similar way to 










Figure 6.3 – Antennas of DCF77 in Mainflingen, Germany (Image from [66]) 
 
 
Figure 6.4 – Reception area of DCF77 time signals (Image from [67]) 
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Appendix 1: Experimental data 
 
The table below shows the Loran-C delay variation measured at the University 
of Bath, Bath, UK, using a wide-band digital low-frequency radio receiver. The 
































































































































































































































































































































Appendix 2: Data from the ECMWF interim reanalysis  
 
The following tables include the ECMWF model data retrieved for the first 
validation study. The data used for the second study are not included because 
of the long measurement period. 
 





2012-02-01 00:00:00 272.6252747 
2012-02-01 06:00:00 272.1989441 
2012-02-01 12:00:00 274.3609619 
2012-02-01 18:00:00 273.2030945 
2012-02-02 00:00:00 270.8467407 
2012-02-02 06:00:00 270.0264587 
2012-02-02 12:00:00 273.7871094 
2012-02-02 18:00:00 271.4982605 
2012-02-03 00:00:00 268.6233826 
2012-02-03 06:00:00 267.4779053 
2012-02-03 12:00:00 273.2163086 
2012-02-03 18:00:00 270.9111023 
2012-02-04 00:00:00 267.9628296 
2012-02-04 06:00:00 266.0128174 
2012-02-04 12:00:00 273.638092 
2012-02-04 18:00:00 275.0054932 
2012-02-05 00:00:00 276.677002 
2012-02-05 06:00:00 275.4811096 
2012-02-05 12:00:00 277.5301819 
2012-02-05 18:00:00 276.1815796 
2012-02-06 00:00:00 274.8841553 
2012-02-06 06:00:00 274.8592529 
2012-02-06 12:00:00 277.8457031 
2012-02-06 18:00:00 277.2156067 
2012-02-07 00:00:00 275.5328979 
2012-02-07 06:00:00 274.4353333 
2012-02-07 12:00:00 275.7688599 
2012-02-07 18:00:00 274.5841064 
2012-02-08 00:00:00 270.3127136 
2012-02-08 06:00:00 270.622345 
2012-02-08 12:00:00 273.0119019 




2012-02-08 18:00:00 273.1330872 
2012-02-09 00:00:00 272.4376221 
2012-02-09 06:00:00 270.9342957 
2012-02-09 12:00:00 273.7132874 
2012-02-09 18:00:00 274.7502441 
2012-02-10 00:00:00 273.7838745 
2012-02-10 06:00:00 274.2372437 
2012-02-10 12:00:00 275.0087891 
2012-02-10 18:00:00 272.9471436 
2012-02-11 00:00:00 269.5392761 
2012-02-11 06:00:00 267.0950317 
2012-02-11 12:00:00 273.6845398 
2012-02-11 18:00:00 271.076416 
2012-02-12 00:00:00 267.9747314 
2012-02-12 06:00:00 270.9268494 
2012-02-12 12:00:00 277.0733337 
2012-02-12 18:00:00 277.7149353 
2012-02-13 00:00:00 276.5943298 
2012-02-13 06:00:00 276.1469421 
2012-02-13 12:00:00 279.6577454 
2012-02-13 18:00:00 279.5626526 
2012-02-14 00:00:00 278.4065552 
2012-02-14 06:00:00 277.1266479 
2012-02-14 12:00:00 280.7052612 
2012-02-14 18:00:00 280.5767822 
2012-02-15 00:00:00 280.4923401 
2012-02-15 06:00:00 280.0862427 
2012-02-15 12:00:00 282.9854736 
2012-02-15 18:00:00 281.855957 
2012-02-16 00:00:00 280.4201965 
2012-02-16 06:00:00 279.5127563 
2012-02-16 12:00:00 282.4550781 
2012-02-16 18:00:00 281.0357056 
2012-02-17 00:00:00 280.3157959 
2012-02-17 06:00:00 281.2679443 
2012-02-17 12:00:00 283.4187317 
2012-02-17 18:00:00 282.6676025 
2012-02-18 00:00:00 281.046875 
2012-02-18 06:00:00 280.865509 
2012-02-18 12:00:00 282.7173157 
2012-02-18 18:00:00 278.3053589 
2012-02-19 00:00:00 275.2331238 
2012-02-19 06:00:00 274.5307007 




2012-02-19 12:00:00 279.4133301 
2012-02-19 18:00:00 277.1149902 
2012-02-20 00:00:00 272.2314758 
2012-02-20 06:00:00 271.3492126 
2012-02-20 12:00:00 280.3040771 
2012-02-20 18:00:00 279.4975281 
2012-02-21 00:00:00 278.9250488 
2012-02-21 06:00:00 279.4365234 
2012-02-21 12:00:00 282.9424133 
2012-02-21 18:00:00 281.5970764 
 












































2012-02-01 00:00:00 101917.3672 
2012-02-01 06:00:00 102022.4219 
2012-02-01 12:00:00 102239.7813 
2012-02-01 18:00:00 102360.8828 
2012-02-02 00:00:00 102505.0547 
2012-02-02 06:00:00 102455.2891 
2012-02-02 12:00:00 102517.2422 
2012-02-02 18:00:00 102601.4141 
2012-02-03 00:00:00 102799.0313 
2012-02-03 06:00:00 102876.7266 
2012-02-03 12:00:00 103044.8125 
2012-02-03 18:00:00 103023.1406 
2012-02-04 00:00:00 103013.4766 
2012-02-04 06:00:00 102875.0469 
2012-02-04 12:00:00 102700.4141 
2012-02-04 18:00:00 102068.9688 
2012-02-05 00:00:00 101213.4688 
2012-02-05 06:00:00 101475.0234 
2012-02-05 12:00:00 101928.625 
2012-02-05 18:00:00 102076.7266 
2012-02-06 00:00:00 102175.6484 
2012-02-06 06:00:00 102203.7813 
2012-02-06 12:00:00 102320.8438 
2012-02-06 18:00:00 102352.5078 
2012-02-07 00:00:00 102592.8203 
2012-02-07 06:00:00 102710.5781 
2012-02-07 12:00:00 103028.4766 
2012-02-07 18:00:00 103093.5781 
2012-02-08 00:00:00 103263.5859 
2012-02-08 06:00:00 103114.5313 
2012-02-08 12:00:00 103085.8984 
2012-02-08 18:00:00 103011.9766 
2012-02-09 00:00:00 103056.2344 
2012-02-09 06:00:00 102979.9609 
2012-02-09 12:00:00 102937.4766 
2012-02-09 18:00:00 102748.7734 
2012-02-10 00:00:00 102688.7656 




2012-02-10 06:00:00 102583.8281 
2012-02-10 12:00:00 102679.5156 
2012-02-10 18:00:00 102616.8594 
2012-02-11 00:00:00 102648.3984 
2012-02-11 06:00:00 102568.5781 
2012-02-11 12:00:00 102649.1328 
2012-02-11 18:00:00 102624.6406 
2012-02-12 00:00:00 102692.4531 
2012-02-12 06:00:00 102584.3594 
2012-02-12 12:00:00 102577.2109 
2012-02-12 18:00:00 102423.9453 
2012-02-13 00:00:00 102465.2813 
2012-02-13 06:00:00 102226.2891 
2012-02-13 12:00:00 101913.25 
2012-02-13 18:00:00 101559.3594 
2012-02-14 00:00:00 101700.9688 
2012-02-14 06:00:00 101790.6953 
2012-02-14 12:00:00 101863.0078 
2012-02-14 18:00:00 101610.0156 
2012-02-15 00:00:00 101591.0313 
2012-02-15 06:00:00 101678.9375 
2012-02-15 12:00:00 101916.1484 
2012-02-15 18:00:00 101936.2188 
2012-02-16 00:00:00 102086.8203 
2012-02-16 06:00:00 101972.7734 
2012-02-16 12:00:00 102009.5938 
2012-02-16 18:00:00 101832.5938 
2012-02-17 00:00:00 101769.3594 
2012-02-17 06:00:00 101573.7578 
2012-02-17 12:00:00 101547.5 
2012-02-17 18:00:00 101314.0156 
2012-02-18 00:00:00 101066.4531 
2012-02-18 06:00:00 100565.9844 
2012-02-18 12:00:00 100204.3359 
2012-02-18 18:00:00 100194.2422 
2012-02-19 00:00:00 100829.6406 
2012-02-19 06:00:00 101213.7656 
2012-02-19 12:00:00 101707.6406 
2012-02-19 18:00:00 101998.9453 
2012-02-20 00:00:00 102337.9531 
2012-02-20 06:00:00 102316.3438 
2012-02-20 12:00:00 102294.3438 
2012-02-20 18:00:00 102069.9297 




2012-02-21 00:00:00 102041.4141 
2012-02-21 06:00:00 101888.4844 
2012-02-21 12:00:00 101984.3203 
2012-02-21 18:00:00 101935.0625 
 












































Appendix 2.3: Total column water vapour 
 
 
Time Water vapour (𝑘𝑔𝑚-2) 
 
2012-02-01 00:00:00 4.386452675 
2012-02-01 06:00:00 3.693221569 
2012-02-01 12:00:00 3.813461065 
2012-02-01 18:00:00 3.915596485 
2012-02-02 00:00:00 3.907165289 
2012-02-02 06:00:00 3.83915782 
2012-02-02 12:00:00 3.913367033 
2012-02-02 18:00:00 3.986830235 
2012-02-03 00:00:00 4.170555592 
2012-02-03 06:00:00 4.9171381 
2012-02-03 12:00:00 4.859291553 
2012-02-03 18:00:00 4.608161449 
2012-02-04 00:00:00 4.507627487 
2012-02-04 06:00:00 5.923774719 
2012-02-04 12:00:00 9.717940331 
2012-02-04 18:00:00 14.58702564 
2012-02-05 00:00:00 13.767169 
2012-02-05 06:00:00 6.42601347 
2012-02-05 12:00:00 8.240325928 
2012-02-05 18:00:00 11.2105217 
2012-02-06 00:00:00 12.89841366 
2012-02-06 06:00:00 13.58665943 
2012-02-06 12:00:00 12.99729824 
2012-02-06 18:00:00 11.5212183 
2012-02-07 00:00:00 8.085753441 
2012-02-07 06:00:00 7.50532341 
2012-02-07 12:00:00 7.355676651 
2012-02-07 18:00:00 6.260039806 
2012-02-08 00:00:00 3.642304897 
2012-02-08 06:00:00 5.644704342 
2012-02-08 12:00:00 6.38824749 
2012-02-08 18:00:00 6.984108925 
2012-02-09 00:00:00 6.32817173 
2012-02-09 06:00:00 5.264849186 
2012-02-09 12:00:00 7.523567677 
2012-02-09 18:00:00 15.29961491 
2012-02-10 00:00:00 16.6605854 




2012-02-10 06:00:00 14.41982651 
2012-02-10 12:00:00 11.95671844 
2012-02-10 18:00:00 8.230678558 
2012-02-11 00:00:00 4.515190601 
2012-02-11 06:00:00 3.664562702 
2012-02-11 12:00:00 3.548267841 
2012-02-11 18:00:00 4.007186413 
2012-02-12 00:00:00 5.28373909 
2012-02-12 06:00:00 9.953033447 
2012-02-12 12:00:00 12.98752975 
2012-02-12 18:00:00 12.37717056 
2012-02-13 00:00:00 10.52185535 
2012-02-13 06:00:00 11.29748821 
2012-02-13 12:00:00 10.32898045 
2012-02-13 18:00:00 10.90217113 
2012-02-14 00:00:00 11.8764677 
2012-02-14 06:00:00 11.02993584 
2012-02-14 12:00:00 11.61993885 
2012-02-14 18:00:00 10.78968143 
2012-02-15 00:00:00 9.608246803 
2012-02-15 06:00:00 8.520976067 
2012-02-15 12:00:00 9.581495285 
2012-02-15 18:00:00 10.3304615 
2012-02-16 00:00:00 9.216101646 
2012-02-16 06:00:00 8.959547997 
2012-02-16 12:00:00 11.05693913 
2012-02-16 18:00:00 15.97101784 
2012-02-17 00:00:00 17.65800095 
2012-02-17 06:00:00 19.60630608 
2012-02-17 12:00:00 18.51200485 
2012-02-17 18:00:00 18.72526741 
2012-02-18 00:00:00 16.52532387 
2012-02-18 06:00:00 13.99415779 
2012-02-18 12:00:00 15.87093067 
2012-02-18 18:00:00 6.083303928 
2012-02-19 00:00:00 5.495224953 
2012-02-19 06:00:00 6.296785831 
2012-02-19 12:00:00 6.941553116 
2012-02-19 18:00:00 6.490981579 
2012-02-20 00:00:00 6.683453083 
2012-02-20 06:00:00 7.505367756 
2012-02-20 12:00:00 10.09964085 
2012-02-20 18:00:00 12.32210255 




2012-02-21 00:00:00 12.71198845 
2012-02-21 06:00:00 13.92651558 
2012-02-21 12:00:00 14.83804607 
2012-02-21 18:00:00 15.01062202 
 

















































2012-02-01 00:00:00 274.5381775 
2012-02-01 06:00:00 274.1607666 
2012-02-01 12:00:00 275.2344055 
2012-02-01 18:00:00 274.7623596 
2012-02-02 00:00:00 274.1671448 
2012-02-02 06:00:00 272.9131775 
2012-02-02 12:00:00 273.2249756 
2012-02-02 18:00:00 274.0359802 
2012-02-03 00:00:00 273.2891541 
2012-02-03 06:00:00 272.0882263 
2012-02-03 12:00:00 272.0806274 
2012-02-03 18:00:00 272.928772 
2012-02-04 00:00:00 271.315979 
2012-02-04 06:00:00 269.5004883 
2012-02-04 12:00:00 269.7747192 
2012-02-04 18:00:00 271.4406433 
2012-02-05 00:00:00 271.9547119 
2012-02-05 06:00:00 272.893158 
2012-02-05 12:00:00 273.0348511 
2012-02-05 18:00:00 274.5167236 
2012-02-06 00:00:00 276.2349548 
2012-02-06 06:00:00 275.7157288 
2012-02-06 12:00:00 277.5260315 
2012-02-06 18:00:00 276.3363953 
2012-02-07 00:00:00 276.1096497 
2012-02-07 06:00:00 274.7104797 
2012-02-07 12:00:00 275.8479004 
2012-02-07 18:00:00 276.2774963 
2012-02-08 00:00:00 276.371521 
2012-02-08 06:00:00 274.9947205 
2012-02-08 12:00:00 274.5185547 
2012-02-08 18:00:00 274.8900757 
2012-02-09 00:00:00 275.7933655 
2012-02-09 06:00:00 274.3379211 
2012-02-09 12:00:00 274.2675171 
2012-02-09 18:00:00 274.5719604 
2012-02-10 00:00:00 274.4048462 
2012-02-10 06:00:00 274.7140503 




2012-02-10 12:00:00 275.4982605 
2012-02-10 18:00:00 274.147522 
2012-02-11 00:00:00 271.7564392 
2012-02-11 06:00:00 271.1166077 
2012-02-11 12:00:00 272.1119995 
2012-02-11 18:00:00 273.7185364 
2012-02-12 00:00:00 273.33255 
2012-02-12 06:00:00 273.4373474 
2012-02-12 12:00:00 273.3077087 
2012-02-12 18:00:00 275.1893921 
2012-02-13 00:00:00 275.5002441 
2012-02-13 06:00:00 275.0504456 
2012-02-13 12:00:00 277.5031128 
2012-02-13 18:00:00 277.5601196 
2012-02-14 00:00:00 277.4707031 
2012-02-14 06:00:00 276.6844482 
2012-02-14 12:00:00 279.1938782 
2012-02-14 18:00:00 279.4679871 
2012-02-15 00:00:00 279.9129639 
2012-02-15 06:00:00 279.4285278 
2012-02-15 12:00:00 282.0150146 
2012-02-15 18:00:00 281.3782349 
2012-02-16 00:00:00 281.7718811 
2012-02-16 06:00:00 279.7333374 
2012-02-16 12:00:00 282.7130737 
2012-02-16 18:00:00 280.7432251 
2012-02-17 00:00:00 279.775177 
2012-02-17 06:00:00 280.0619507 
2012-02-17 12:00:00 281.6151733 
2012-02-17 18:00:00 281.7280884 
2012-02-18 00:00:00 280.8233337 
2012-02-18 06:00:00 280.5800171 
2012-02-18 12:00:00 281.9483032 
2012-02-18 18:00:00 279.7880554 
2012-02-19 00:00:00 277.0903015 
2012-02-19 06:00:00 275.8531799 
2012-02-19 12:00:00 279.5700989 
2012-02-19 18:00:00 278.8565369 
2012-02-20 00:00:00 275.6221619 
2012-02-20 06:00:00 273.8280334 
2012-02-20 12:00:00 276.2424927 
2012-02-20 18:00:00 277.9974365 
2012-02-21 00:00:00 277.6591797 




2012-02-21 06:00:00 278.1235657 
2012-02-21 12:00:00 281.3414307 
2012-02-21 18:00:00 280.6348267 
 













































Appendix 2.5: Soil temperature level 2 
 
Time Temperature (K) 
 
2012-02-01 00:00:00 276.0227356 
2012-02-01 06:00:00 275.7770691 
2012-02-01 12:00:00 275.5696106 
2012-02-01 18:00:00 275.9952698 
2012-02-02 00:00:00 275.5960693 
2012-02-02 06:00:00 275.3330383 
2012-02-02 12:00:00 275.1018677 
2012-02-02 18:00:00 274.9880066 
2012-02-03 00:00:00 274.8087769 
2012-02-03 06:00:00 274.6411438 
2012-02-03 12:00:00 274.4667969 
2012-02-03 18:00:00 274.3179626 
2012-02-04 00:00:00 274.2119446 
2012-02-04 06:00:00 274.0508118 
2012-02-04 12:00:00 273.9503174 
2012-02-04 18:00:00 273.8475037 
2012-02-05 00:00:00 273.8071594 
2012-02-05 06:00:00 273.7969055 
2012-02-05 12:00:00 273.7987061 
2012-02-05 18:00:00 273.8576355 
2012-02-06 00:00:00 273.8951416 
2012-02-06 06:00:00 273.9920959 
2012-02-06 12:00:00 274.0634155 
2012-02-06 18:00:00 274.5976868 
2012-02-07 00:00:00 274.9939575 
2012-02-07 06:00:00 275.3701782 
2012-02-07 12:00:00 275.5812378 
2012-02-07 18:00:00 275.9773865 
2012-02-08 00:00:00 275.4508057 
2012-02-08 06:00:00 275.1506653 
2012-02-08 12:00:00 274.8242188 
2012-02-08 18:00:00 275.1222534 
2012-02-09 00:00:00 274.8998108 
2012-02-09 06:00:00 274.8782959 
2012-02-09 12:00:00 274.7244263 
2012-02-09 18:00:00 275.2098694 
2012-02-10 00:00:00 275.1349792 
2012-02-10 06:00:00 275.1650696 




2012-02-10 12:00:00 275.2167358 
2012-02-10 18:00:00 275.4707642 
2012-02-11 00:00:00 275.1600342 
2012-02-11 06:00:00 274.3564453 
2012-02-11 12:00:00 274.1477966 
2012-02-11 18:00:00 274.1338501 
2012-02-12 00:00:00 274.0723572 
2012-02-12 06:00:00 274.0665588 
2012-02-12 12:00:00 274.0534363 
2012-02-12 18:00:00 274.3831482 
2012-02-13 00:00:00 274.6231079 
2012-02-13 06:00:00 274.8599548 
2012-02-13 12:00:00 275.1376038 
2012-02-13 18:00:00 275.9622803 
2012-02-14 00:00:00 276.4953308 
2012-02-14 06:00:00 276.678009 
2012-02-14 12:00:00 276.8503418 
2012-02-14 18:00:00 277.7379761 
2012-02-15 00:00:00 277.9866333 
2012-02-15 06:00:00 278.2815552 
2012-02-15 12:00:00 278.5355835 
2012-02-15 18:00:00 279.3255615 
2012-02-16 00:00:00 278.9398804 
2012-02-16 06:00:00 278.9942627 
2012-02-16 12:00:00 278.9483032 
2012-02-16 18:00:00 279.8060608 
2012-02-17 00:00:00 279.625946 
2012-02-17 06:00:00 279.6071472 
2012-02-17 12:00:00 279.870697 
2012-02-17 18:00:00 280.4707031 
2012-02-18 00:00:00 280.4591064 
2012-02-18 06:00:00 280.2200012 
2012-02-18 12:00:00 280.2037354 
2012-02-18 18:00:00 280.2796021 
2012-02-19 00:00:00 279.2373657 
2012-02-19 06:00:00 278.1307373 
2012-02-19 12:00:00 277.7990112 
2012-02-19 18:00:00 278.4414978 
2012-02-20 00:00:00 277.2374878 
2012-02-20 06:00:00 276.252594 
2012-02-20 12:00:00 275.8512268 
2012-02-20 18:00:00 276.9671631 
2012-02-21 00:00:00 277.3637085 




2012-02-21 06:00:00 277.5867004 
2012-02-21 12:00:00 278.1470642 
2012-02-21 18:00:00 279.1804504 
 













































Appendix 2.6: Soil temperature level 3 
 
Time Temperature (K) 
 
2012-02-01 00:00:00 279.2619019 
2012-02-01 06:00:00 279.1589661 
2012-02-01 12:00:00 279.0521851 
2012-02-01 18:00:00 278.9612122 
2012-02-02 00:00:00 278.8701477 
2012-02-02 06:00:00 278.7720642 
2012-02-02 12:00:00 278.6678772 
2012-02-02 18:00:00 278.5558167 
2012-02-03 00:00:00 278.4501038 
2012-02-03 06:00:00 278.3426514 
2012-02-03 12:00:00 278.2321777 
2012-02-03 18:00:00 278.1173096 
2012-02-04 00:00:00 278.0086975 
2012-02-04 06:00:00 277.8994751 
2012-02-04 12:00:00 277.7909546 
2012-02-04 18:00:00 277.6723633 
2012-02-05 00:00:00 277.5682983 
2012-02-05 06:00:00 277.4700012 
2012-02-05 12:00:00 277.3761597 
2012-02-05 18:00:00 277.2926331 
2012-02-06 00:00:00 277.212677 
2012-02-06 06:00:00 277.1393738 
2012-02-06 12:00:00 277.0733948 
2012-02-06 18:00:00 277.0219116 
2012-02-07 00:00:00 276.9975281 
2012-02-07 06:00:00 276.9920349 
2012-02-07 12:00:00 276.995636 
2012-02-07 18:00:00 277.0185547 
2012-02-08 00:00:00 277.0305786 
2012-02-08 06:00:00 277.0260315 
2012-02-08 12:00:00 277.002594 
2012-02-08 18:00:00 276.9892578 
2012-02-09 00:00:00 276.9700623 
2012-02-09 06:00:00 276.95047 
2012-02-09 12:00:00 276.9234924 
2012-02-09 18:00:00 276.9065552 
2012-02-10 00:00:00 276.8989563 
2012-02-10 06:00:00 276.8897095 




2012-02-10 12:00:00 276.8812256 
2012-02-10 18:00:00 276.8830566 
2012-02-11 00:00:00 276.8809509 
2012-02-11 06:00:00 276.8491211 
2012-02-11 12:00:00 276.7991028 
2012-02-11 18:00:00 276.7408752 
2012-02-12 00:00:00 276.6913147 
2012-02-12 06:00:00 276.6437073 
2012-02-12 12:00:00 276.5980225 
2012-02-12 18:00:00 276.5556641 
2012-02-13 00:00:00 276.5349426 
2012-02-13 06:00:00 276.5260315 
2012-02-13 12:00:00 276.5263062 
2012-02-13 18:00:00 276.559021 
2012-02-14 00:00:00 276.6134338 
2012-02-14 06:00:00 276.6800537 
2012-02-14 12:00:00 276.743927 
2012-02-14 18:00:00 276.8291321 
2012-02-15 00:00:00 276.9363403 
2012-02-15 06:00:00 277.0498657 
2012-02-15 12:00:00 277.1629028 
2012-02-15 18:00:00 277.2983704 
2012-02-16 00:00:00 277.4320679 
2012-02-16 06:00:00 277.5538635 
2012-02-16 12:00:00 277.65979 
2012-02-16 18:00:00 277.7951965 
2012-02-17 00:00:00 277.9221191 
2012-02-17 06:00:00 278.0369263 
2012-02-17 12:00:00 278.1487427 
2012-02-17 18:00:00 278.2750854 
2012-02-18 00:00:00 278.4064941 
2012-02-18 06:00:00 278.5236206 
2012-02-18 12:00:00 278.626709 
2012-02-18 18:00:00 278.7307434 
2012-02-19 00:00:00 278.8039856 
2012-02-19 06:00:00 278.8226013 
2012-02-19 12:00:00 278.8026733 
2012-02-19 18:00:00 278.8057861 
2012-02-20 00:00:00 278.7911987 
2012-02-20 06:00:00 278.7251892 
2012-02-20 12:00:00 278.6281738 
2012-02-20 18:00:00 278.5593262 
2012-02-21 00:00:00 278.5286255 




2012-02-21 06:00:00 278.512085 
2012-02-21 12:00:00 278.5097656 
2012-02-21 18:00:00 278.5506897 
 













































Appendix 2.7: Soil moisture layer 1 
 
Time Water content 
 
2012-02-01 00:00:00 0.308832705 
2012-02-01 06:00:00 0.308262825 
2012-02-01 12:00:00 0.307228476 
2012-02-01 18:00:00 0.306069881 
2012-02-02 00:00:00 0.305864394 
2012-02-02 06:00:00 0.30553177 
2012-02-02 12:00:00 0.304691076 
2012-02-02 18:00:00 0.303867608 
2012-02-03 00:00:00 0.303835094 
2012-02-03 06:00:00 0.30372116 
2012-02-03 12:00:00 0.303315312 
2012-02-03 18:00:00 0.302951008 
2012-02-04 00:00:00 0.302820832 
2012-02-04 06:00:00 0.302719116 
2012-02-04 12:00:00 0.302618355 
2012-02-04 18:00:00 0.31736955 
2012-02-05 00:00:00 0.3367652 
2012-02-05 06:00:00 0.328781307 
2012-02-05 12:00:00 0.32376951 
2012-02-05 18:00:00 0.320498168 
2012-02-06 00:00:00 0.318874657 
2012-02-06 06:00:00 0.317199498 
2012-02-06 12:00:00 0.316850573 
2012-02-06 18:00:00 0.316653937 
2012-02-07 00:00:00 0.315429002 
2012-02-07 06:00:00 0.314480543 
2012-02-07 12:00:00 0.314113528 
2012-02-07 18:00:00 0.31342271 
2012-02-08 00:00:00 0.312256217 
2012-02-08 06:00:00 0.31142962 
2012-02-08 12:00:00 0.310614586 
2012-02-08 18:00:00 0.309880733 
2012-02-09 00:00:00 0.309340566 
2012-02-09 06:00:00 0.308921486 
2012-02-09 12:00:00 0.308750391 
2012-02-09 18:00:00 0.308547914 
2012-02-10 00:00:00 0.316361904 
2012-02-10 06:00:00 0.321993202 




2012-02-10 12:00:00 0.319648325 
2012-02-10 18:00:00 0.316388577 
2012-02-11 00:00:00 0.314550996 
2012-02-11 06:00:00 0.313316494 
2012-02-11 12:00:00 0.312515408 
2012-02-11 18:00:00 0.311576039 
2012-02-12 00:00:00 0.310810864 
2012-02-12 06:00:00 0.310230225 
2012-02-12 12:00:00 0.311635286 
2012-02-12 18:00:00 0.311258703 
2012-02-13 00:00:00 0.310747355 
2012-02-13 06:00:00 0.310773253 
2012-02-13 12:00:00 0.313349098 
2012-02-13 18:00:00 0.312115818 
2012-02-14 00:00:00 0.311234057 
2012-02-14 06:00:00 0.31029436 
2012-02-14 12:00:00 0.3093521 
2012-02-14 18:00:00 0.30808714 
2012-02-15 00:00:00 0.307786793 
2012-02-15 06:00:00 0.307367325 
2012-02-15 12:00:00 0.306453049 
2012-02-15 18:00:00 0.305507272 
2012-02-16 00:00:00 0.305432111 
2012-02-16 06:00:00 0.305400521 
2012-02-16 12:00:00 0.304932207 
2012-02-16 18:00:00 0.303484082 
2012-02-17 00:00:00 0.303619236 
2012-02-17 06:00:00 0.30395177 
2012-02-17 12:00:00 0.304716468 
2012-02-17 18:00:00 0.304454058 
2012-02-18 00:00:00 0.304348379 
2012-02-18 06:00:00 0.304448187 
2012-02-18 12:00:00 0.30615744 
2012-02-18 18:00:00 0.31440413 
2012-02-19 00:00:00 0.309426695 
2012-02-19 06:00:00 0.308075398 
2012-02-19 12:00:00 0.306921571 
2012-02-19 18:00:00 0.305654377 
2012-02-20 00:00:00 0.305353969 
2012-02-20 06:00:00 0.304993182 
2012-02-20 12:00:00 0.303908944 
2012-02-20 18:00:00 0.302889258 
2012-02-21 00:00:00 0.302874833 




2012-02-21 06:00:00 0.302737236 
2012-02-21 12:00:00 0.30198276 
2012-02-21 18:00:00 0.301975489 
 













































Appendix 2.8: Soil moisture layer 2 
 
Time Water content 
 
2012-02-01 00:00:00 0.301086217 
2012-02-01 06:00:00 0.300591528 
2012-02-01 12:00:00 0.29990828 
2012-02-01 18:00:00 0.298865616 
2012-02-02 00:00:00 0.298467159 
2012-02-02 06:00:00 0.298124373 
2012-02-02 12:00:00 0.297501326 
2012-02-02 18:00:00 0.296690881 
2012-02-03 00:00:00 0.296478152 
2012-02-03 06:00:00 0.296301872 
2012-02-03 12:00:00 0.295878619 
2012-02-03 18:00:00 0.295431465 
2012-02-04 00:00:00 0.295364499 
2012-02-04 06:00:00 0.295267761 
2012-02-04 12:00:00 0.295039713 
2012-02-04 18:00:00 0.29727456 
2012-02-05 00:00:00 0.312302232 
2012-02-05 06:00:00 0.316874862 
2012-02-05 12:00:00 0.314099461 
2012-02-05 18:00:00 0.311767042 
2012-02-06 00:00:00 0.309932232 
2012-02-06 06:00:00 0.308619559 
2012-02-06 12:00:00 0.307621628 
2012-02-06 18:00:00 0.307253987 
2012-02-07 00:00:00 0.306718946 
2012-02-07 06:00:00 0.306017697 
2012-02-07 12:00:00 0.305387318 
2012-02-07 18:00:00 0.305209041 
2012-02-08 00:00:00 0.304436505 
2012-02-08 06:00:00 0.303715289 
2012-02-08 12:00:00 0.30291146 
2012-02-08 18:00:00 0.302296042 
2012-02-09 00:00:00 0.301739156 
2012-02-09 06:00:00 0.301308393 
2012-02-09 12:00:00 0.300818861 
2012-02-09 18:00:00 0.300661385 
2012-02-10 00:00:00 0.302068293 
2012-02-10 06:00:00 0.307590544 




2012-02-10 12:00:00 0.308955431 
2012-02-10 18:00:00 0.308017254 
2012-02-11 00:00:00 0.306630522 
2012-02-11 06:00:00 0.305486441 
2012-02-11 12:00:00 0.304492831 
2012-02-11 18:00:00 0.303757071 
2012-02-12 00:00:00 0.303112566 
2012-02-12 06:00:00 0.302536905 
2012-02-12 12:00:00 0.302289337 
2012-02-12 18:00:00 0.302616656 
2012-02-13 00:00:00 0.30235973 
2012-02-13 06:00:00 0.302206397 
2012-02-13 12:00:00 0.302504897 
2012-02-13 18:00:00 0.302928269 
2012-02-14 00:00:00 0.30276221 
2012-02-14 06:00:00 0.302321255 
2012-02-14 12:00:00 0.301601082 
2012-02-14 18:00:00 0.300661296 
2012-02-15 00:00:00 0.300223112 
2012-02-15 06:00:00 0.299835503 
2012-02-15 12:00:00 0.299113214 
2012-02-15 18:00:00 0.298274517 
2012-02-16 00:00:00 0.29800415 
2012-02-16 06:00:00 0.297802716 
2012-02-16 12:00:00 0.297407269 
2012-02-16 18:00:00 0.296442986 
2012-02-17 00:00:00 0.296250939 
2012-02-17 06:00:00 0.296192586 
2012-02-17 12:00:00 0.296226054 
2012-02-17 18:00:00 0.2961815 
2012-02-18 00:00:00 0.296275705 
2012-02-18 06:00:00 0.296289444 
2012-02-18 12:00:00 0.29628098 
2012-02-18 18:00:00 0.299826205 
2012-02-19 00:00:00 0.300492406 
2012-02-19 06:00:00 0.300036192 
2012-02-19 12:00:00 0.2992329 
2012-02-19 18:00:00 0.298092633 
2012-02-20 00:00:00 0.297693431 
2012-02-20 06:00:00 0.297335297 
2012-02-20 12:00:00 0.29660511 
2012-02-20 18:00:00 0.295756847 
2012-02-21 00:00:00 0.2954261 




2012-02-21 06:00:00 0.295203149 
2012-02-21 12:00:00 0.294706941 
2012-02-21 18:00:00 0.294398785 
 













































Appendix 2.9: Soil moisture layer 3 
 
Time Water content 
 
2012-02-01 00:00:00 0.302241266 
2012-02-01 06:00:00 0.302160263 
2012-02-01 12:00:00 0.302045971 
2012-02-01 18:00:00 0.301790386 
2012-02-02 00:00:00 0.30164054 
2012-02-02 06:00:00 0.301471651 
2012-02-02 12:00:00 0.30122149 
2012-02-02 18:00:00 0.300908446 
2012-02-03 00:00:00 0.300703406 
2012-02-03 06:00:00 0.300507545 
2012-02-03 12:00:00 0.300254524 
2012-02-03 18:00:00 0.299951345 
2012-02-04 00:00:00 0.299752593 
2012-02-04 06:00:00 0.299560249 
2012-02-04 12:00:00 0.29937011 
2012-02-04 18:00:00 0.299206257 
2012-02-05 00:00:00 0.299717605 
2012-02-05 06:00:00 0.301087826 
2012-02-05 12:00:00 0.302179277 
2012-02-05 18:00:00 0.302987993 
2012-02-06 00:00:00 0.303472221 
2012-02-06 06:00:00 0.303795815 
2012-02-06 12:00:00 0.304035962 
2012-02-06 18:00:00 0.304209769 
2012-02-07 00:00:00 0.30431819 
2012-02-07 06:00:00 0.304377347 
2012-02-07 12:00:00 0.304377437 
2012-02-07 18:00:00 0.304378808 
2012-02-08 00:00:00 0.304324269 
2012-02-08 06:00:00 0.304261446 
2012-02-08 12:00:00 0.304133564 
2012-02-08 18:00:00 0.30401963 
2012-02-09 00:00:00 0.303818405 
2012-02-09 06:00:00 0.303674638 
2012-02-09 12:00:00 0.303486377 
2012-02-09 18:00:00 0.303323209 
2012-02-10 00:00:00 0.303170145 
2012-02-10 06:00:00 0.303369582 




2012-02-10 12:00:00 0.303813577 
2012-02-10 18:00:00 0.304181159 
2012-02-11 00:00:00 0.304437399 
2012-02-11 06:00:00 0.304530889 
2012-02-11 12:00:00 0.304520667 
2012-02-11 18:00:00 0.304406285 
2012-02-12 00:00:00 0.304309756 
2012-02-12 06:00:00 0.304193228 
2012-02-12 12:00:00 0.304042757 
2012-02-12 18:00:00 0.303922385 
2012-02-13 00:00:00 0.303837001 
2012-02-13 06:00:00 0.303737938 
2012-02-13 12:00:00 0.303629071 
2012-02-13 18:00:00 0.303564012 
2012-02-14 00:00:00 0.303525597 
2012-02-14 06:00:00 0.303451657 
2012-02-14 12:00:00 0.303312659 
2012-02-14 18:00:00 0.303094923 
2012-02-15 00:00:00 0.302926719 
2012-02-15 06:00:00 0.302751571 
2012-02-15 12:00:00 0.302516371 
2012-02-15 18:00:00 0.302228153 
2012-02-16 00:00:00 0.302005649 
2012-02-16 06:00:00 0.301789522 
2012-02-16 12:00:00 0.301553667 
2012-02-16 18:00:00 0.30116576 
2012-02-17 00:00:00 0.300929278 
2012-02-17 06:00:00 0.300707728 
2012-02-17 12:00:00 0.30051285 
2012-02-17 18:00:00 0.300196677 
2012-02-18 00:00:00 0.300021768 
2012-02-18 06:00:00 0.299850404 
2012-02-18 12:00:00 0.299651653 
2012-02-18 18:00:00 0.299573541 
2012-02-19 00:00:00 0.299616069 
2012-02-19 06:00:00 0.299639225 
2012-02-19 12:00:00 0.299658 
2012-02-19 18:00:00 0.299413204 
2012-02-20 00:00:00 0.299375176 
2012-02-20 06:00:00 0.299293578 
2012-02-20 12:00:00 0.299095809 
2012-02-20 18:00:00 0.298967898 
2012-02-21 00:00:00 0.298817098 




2012-02-21 06:00:00 0.298672676 
2012-02-21 12:00:00 0.298492372 
2012-02-21 18:00:00 0.298348904 
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